Abbreviations: HI, Hazard index; HM, heavy metal; IK, indicator kriging; MSPE, mean standardized prediction error; PCA, principal component analysis; RfD, reference dose; RMSP, root mean square standardized prediction error; SIS, sequential indicator simulation; TIN, triangulated irregular network.
Heavy metal pollutants in soils can usually enter the human body and pose heath risks through a soil-crop-human body pathway (indirect exposure) or soil-human body pathway (direct exposure). Previous studies often neglected the direct exposure in human health risk assessment, especially for children. We collected surface soil samples from urban and suburb areas in Changsha City, China, to analyze the content of As, Cd, Hg, Ni, Pb, and Zn. A combination of principal component analysis, geostatistics, and triangulated irregular network (TIN) model was successfully used to discriminate the sources of heavy metals. Th e direct exposure method, sequential indicator simulation, and geographical information system (GIS) technologies were used to perform a health risk assessment of heavy metal exposure to children living in the study area. Results show that heavy metal contamination in Changsha may originate from coal usage and industrial activities. One thousand equiprobable realizations suggest that not all sites within the study area may be suitable for housing or allotments without remediation. Most high hazard indexes are located in the suburb and mining areas. Moreover, arsenic presents a high health risk in comparison with other elements. Compared with inhalation and dermal contact in direct soil exposure, soil ingestion is the largest contribution to potential health risks for children. Th is study indicates that we should attach great importance to the direct soil exposure for children's health.
Identifying Sources and Assessing Potential Risk of Heavy Metals in Soils from Direct
Exposure to Children in a Mine-Impacted City, Changsha, China Zhenxing Wang, Liyuan Chai,* Zhihui Yang, Yunyan Wang, and Haiying Wang Central South University E xcessive accumulation of heavy metals (HMs) in soils may pose serious health risks to humans and may exert adverse impacts on the ecosystem itself (USEPA, 2009b) . Under normal circumstances, HM pollutants in soils can enter the human body and pose heath risks through two pathways: (i) soil-crop-human body (indirect exposure) and (ii) soil-human body (direct exposure). Th e fi rst pathway-including HMs through vegetables, rice (Oryza sativa L.), wheat (Triticum aestivum L.), fruit, fi sh, and other foods-has been widely discussed (Ruby et al., 1999; Hough et al., 2004; Meharg, 2004; Zhu et al., 2008) . Although the second pathway (direct exposure) forms the basis of human health risk assessment, it is not discussed as widely in the literature as the fi rst pathway. Direct soil exposure includes incidental ingestion of soil, inhalation of particulates emitted from soil or industrial and agricultural pollutions, and dermal contact with soil. Child-specifi c adverse health eff ects are of particular concern for risk assessment. Recent studies showed that direct exposure is also an important means of intake of HMs for humans, particularly children (Hough et al., 2004; Cui et al., 2007; Foos et al., 2008) . Children may be more vulnerable to environmental exposures through direct pathway than are adults. Th e structure and function of organs for children are still developing, which may result in higher inhalation rates per unit of body weight than adults (Patriarca et al., 2000) . Moreover, children's behavior can expose them to toxic eff ects of chemicals. For example, young children play close to the ground and come into contact with contaminated soil outdoors and with contaminated dust on surfaces and carpets indoors. Research has shown that long-term health and development issues can arise from intrauterine and early childhood exposures to HMs, which are often undetectable early on and manifest later in life (Vahter, 2008; Zhu et al., 2008) .
China is the world's most populous country and the fourth largest in area. Although its economy is growing at the fastest rate of any major nation, its environmental problems are among the most severe of any major country and are mostly getting worse (Liu and Diamond, 2005) . In recent years, the considerable amount of HMs in soils has become a growing issue in China (Jing et al., 2008; Brus et al., 2009) . Hunan Province, middle-south China, is regarded as the heartland of Chinese nonferrous mining and is under severe HM pollution stress (Wang and Stuanes, 2003; Peng et al., 2007) . For many years, emissions of arsenic, cadmium, and mercury in Hunan have ranked fi rst in China (NBSC, 2010) . With rapid economic development, the environmental quality in Changsha City, the capital of Hunan Province, has severely deteriorated and some potential HM contamination has accumulated in soils on a large scale (M. . In addition, Changsha City is under severe H 2 SO 4 -type acid rain pollution resulting from industrial activities (Chen and Liu, 1997; M. Chen et al., 2008) , which may greatly increase the mobility of HMs and may cause groundwater contamination.
To provide a reference of land use to local governments and establish a set of cost-eff ective measurements for soil remedy and management, it is urgent to conduct human health risk assessment associated with exposure to HMs. Before measures can be taken, the sources must be identifi ed. Th ere are two HM sources in the natural environment. One is the mobilization of HM under natural conditions (intrinsic factor), such as geogenic factors, natural weathering reactions, biological activity, geochemical reactions, and volcanic emissions. Th e other is anthropogenic activities (extrinsic factor), including mining activities, combustion of fossil fuels, use of pesticides in agriculture, and additives in livestock feed (Sun et al., 2010) . If high concentrations of HMs are caused by anthropogenic activities, it is necessary to take actions to reinforce the supervision of contamination sources. If elevated metals are the result of naturally occurring minerals, the use of alternative areas should be considered (Liu et al., 2009) . For instance, people should move to safer areas.
A key step in source identifi cation and health risk assessment is to determine the content of HMs in soil. Because the direct analysis of in situ data is time consuming and costly, stochastic simulations have been widely used for estimating environmental conditions and concentrations of pollutants at unsampled locations due to its advantage in geostatistical techniques relative to other methods (e.g., kriging methods) . Because of the computational advantage, methods using the sequential simulation paradigm in stochastic simulations have become the most popular approaches for estimating the distributions of pollutants in soils as well as in groundwater (Gay and Korre, 2006; Bourennane et al., 2007; Goovaerts et al., 2008; Lee et al., 2008; Zhang et al., 2009 ). However, the sequential simulation approach requires fi rst modeling a prior distribution of the estimated value at every unsampled location; it then randomly draws a simulated value from this distribution as the estimated value. In sequential indicator simulation (SIS), the indicator kriging (IK) is used to build the prior conditional cumulative distribution function for the estimated locations. At an unsampled location, the estimated values by IK represent the probability of contaminant concentrations being lower than a given threshold (Tavares et al., 2008; Zeng et al., 2009) . Given several thresholds, the prior distribution can be built (Juang et al., 2004) .
Th is study set out to spatially analyze the concentration and distribution of As, Cd, Hg, Ni, Pb, and Zn in soil in Changsha using SIS and to identify their possible sources. Th e potential health risks from direct exposure pathway for children living within the study area were then calculated. Finally, risk assessment results and geographical information system (GIS) technologies were used to construct risk maps for the study area.
Materials and Methods

Site Description and Soil Sampling
Changsha City is a modern industrial city surrounded by agricultural areas. Th e annual population growth rate is 1.08%, and 44.63% of the population live in urban areas. Because Changsha is so vast (11 819.5 km 2 ), we selected only the urban and suburb areas for research ( Fig. 1 ; ∼3500 km 2 ). Surface soil samples (0-20 cm) were collected in April 2008 using a global positioning system (GPS) to identify the locations. In mining-and industry-impacted areas, sampling density was one sample per 2 to 3 km 2 , whereas in forest and agricultural land, sampling density was one sample per 10 to 15 km 2 . Th e moisture soil samples were air-dried and sieved (<0.15 mm) to determine the content of HMs including As, Cd, Hg, Ni, Pb, and Zn (Ministry of Environmental Protection of the People's Republic of China, 2004) . Soil samples were digested at ∼180°C with 15 mL of HNO 3 and 20 mL HClO 4 (70%) in a closed-Tefl on vessel in a microwave oven to avoid losses of some metals via volatilization (Delft and Vosa, 1988; Long et al., 2004; Cheng et al., 2010) . After the sample cooled slightly, 3 mL of 1:1 HCl was added. Th e digested solution was then transported to a fl ask and increased to measure 50 mL in volume and fi ltrated. Th e total concentrations of Cd, Ni, and Pb in the fi ltered solution were measured by inductively coupled plasma-mass spectrometry. Zinc was analyzed by inductively coupled plasma-optical emission spectrometry. Th e contents of As and Hg were determined by atomic fl uorescence spectrophotometry. All samples were analyzed in three replicates. Th e quality control of analytical accuracy was performed by reagent blanks and reference soils. Standard reference materials for soil (GBW-07401) obtained from the China National Center for Standard Reference Materials were digested along with the samples and used for the quality assurance-quality control program.
Principal Component Analysis
Principal component analysis (PCA) has a wide application in environmental studies, able to identify possible sources of contamination and group into some signifi cant groups (T. . In this study, PCA was used to extract latent information from multidimensional data, to classify the measured elements into fewer groups, and to defi ne natural or anthropogenic origin. Th e common factors for gaining the observed correlation matrix were extracted. Th en the varimax-rotation was applied to facilitate interpretation of the results.
Geostatistical Analysis
Kriging has been widely applied in environment science because of its unbiased estimation of spatial error (Yalcin et al., 2007) . For source identifi cation, kriging was used to detect the spatial structure of HMs in the study area. Detailed algorithms of kriging can be found in many textbooks and monographs (Goovaerts, 1997; . Th e root mean square standardized prediction error (RMSP) and the mean standardized prediction error (MSPE) were used to choose the best variogram model and to select the search radius and lag distances that minimize the kriging error (Davis, 1987 ). An accurate model would have the MSPE and RMSP close to 0 and 1, respectively (Johnston et al., 2001; . Th ereafter, the triangulated irregular network (TIN) model was combined with the results of the kriging analysis to visualize the concentrations of HMs in three dimensions (Peucker et al., 1978) . Th e TIN model was processed with ArcGIS using the extension module of threedimensional analyst (Bratt and Booth, 2002) .
For risk assessment, SIS, a widely used indicator-based stochastic simulation method, is applied to simulate HM exposure concentration. In SIS, the IK estimator is used to model the prior conditional cumulative distribution function at each unsampled location. Th en (i) 0-1 code transformations and variogram analysis, (ii) prior distribution estimation and (iii) sequential simulation are used . Th e variofi t function of R software was used to perform the experimental variogram analysis (R Development Core Team, 2008) . In addition, the ik (indicator kriging) and sisim (sequential indicator simulation program) codes were used in GSLIB (Deutsch and Journel, 1998) to perform IK and SIS, respectively.
Risk Assessment
Risks for metal exposure were calculated by executing the USEPA methodology. To estimate the direct exposure to soil, three pathways were considered: (i) incidental ingestion of soil, (ii) inhalation of particulates emitted from soil, and (iii) dermal contact with soil. Th e potential risk for individual HM is expressed as the hazard quotient (HQ). Th e following equation was used to determine the three exposure pathways of soil HMs (USEPA, 2009b):
where CDI is the chronic daily intake (mg kg 
Results and Discussion
Descriptive Statistics
A descriptive summary of soil HMs is listed in Table 2 . Th e mean concentrations of all metals, except Zn, were higher than their background values at Changsha City. Although the mean concentration of Pb was higher than its local background value, the diff erences between its determined concentrations and the background content (Table 2) were not statistically signifi cant (p > 0.05). Moreover, Pb and Zn displayed low coeffi cients of variation (CVs) and fairly homogeneous distributions across the study area, suggesting that there was a major natural source of the two metals in Changsha City. Th e average concentrations of Cd, Ni, Hg, and As were higher than the background values and had high CVs, indicating that anthropogenic inputs are the main sources of these HMs in this area (Manta et al., 2002) . Moreover, maximum concentrations of Hg, Cd, As, and Ni in the soils exceeded the critical level of Environmental Quality Standards for Soil in China by 1.2, 2.4, 3.2 and 6.8 times, respectively. Th us, these elements require intensive monitoring and essential measures to prevent further enrichment.
Principal Component Analysis
A PCA was applied to identify the pollution origin of heavy metals. As indicated in the results of the initial eigenvalues (Table 3) , three factors were extracted that accounted for >81% of the total variation of soil HMs. Th e rotated component matrix for data (Table 4) indicated that As and Ni were strongly associated with the fi rst PCA component (PC1) with similarly high values. Lead and Zn were associated with the second PCA component (PC2), whereas Cd and Hg were associated with the third PCA component (PC3).
We found that PC1 was related to most of industries in Changsha. Th e major industries in Changsha are mining, machinery, and metallurgy, some of which have backward technology and serious pollution, particularly the nonferrous mining industry. Th e coal mining activities contribute greatly to Ni and As pollution in the soils of Changsha. For PC3, there were some samples with high Cd and Hg contents whose sources could have been attributed to adjacent industry production (Chen et al., 2006; Huang et al., 2006; Huang et al., 2008) . Th erefore, the enrichment of PC1 and PC3 in soils is likely due to anthropogenic causes, and it is necessary to take actions to reinforce the supervision of the contamination sources of industrial pollution. For PC2, its distribution can be due to lithogenic action because of its low concentrations and CVs.
Geostatistical Analysis
Th ree widely used spatial models (spherical, exponential, and Gaussian) were selected for candidate models. Th e RMSP and MSPE were used to evaluate the semivariograms and to choose the most appropriate model for the creation of the prediction map for HMs. Th e RMSP and MSPE suggested that the predictions were relatively unbiased (Table 5) . Th e results of the best-fi t spatial model and model parameters are shown in Table  5 . Th e nugget/sill ratios of Pb and Zn were <25%, suggesting that the variable has strong spatial dependence. Th e ratios of (Pan and Yang, 1988) . As, Cd, and Ni were between 25 and 75%, suggesting that the variable has moderate spatial dependence. Th e results implied that the extrinsic factors such as fl y ash, fertilization, mining, and other human activities weakened their spatial correlation. Th e ratio of Hg was also <25%, which may related to the longterm use of coal as fuel in Changsha (Wang and Stuanes, 2003; Kuo et al., 2006) .
Spatial Distribution of Heavy Metals
To better understand the distribution patterns of the six heavy elements, the TIN model was used to produce three-dimensional maps (Fig. 2) .Th e spatial distribution maps of Ni and As showed similar distributional trends with high concentrations in the southwest areas where the traditional industrial zone is located. Cadmium and Hg also showed similar distributional trends, with high concentrations in the similar areas. Th e location of high Zn concentration is similar to that of Pb, which may be caused by lead-zinc mineral resources in the areas. Th e results were consistent with that found in the PCA analysis, indicating that the former discussion is reasonable.
Risk Assessment of Heavy Metals
Four concentration percentiles of 20, 40, 60, and 80% for each metal were used as thresholds in SIS analysis (Table 6 ). For example, arsenic concentrations of 9.36 mg L −1 (20th percentile), 14.29 mg L −1 (40th percentile), 18.14 mg L −1 (60th percentile), and 22.85 mg L −1 (80th percentile) were used as thresholds, respectively. Th e best-fi tting variogram for each HM was selected according to the MSPE and RMSP (Table  6) . Th e study region was discretized into a grid of 875 cells, with a spacing of 2 km. On the basis of the fi tted parameters of nuggets, sills, and ranges (Table 6 ), 1000 realizations of HM concentrations in soil were reproduced using SIS. Th en, the risk analysis was processed based on the results of the SIS. Figure 3 shows the distribution, after 1000 simulations using SIS, of risks for children from direct exposure to HMs. An HI >1.0 suggests that a person may experience adverse health eff ects during his or her lifetime. Figure 3 shows that 9.2% of the study area provides an HI between 1.0 and 2.0, and 5.2% have an HI > 2.0. Th e average HI was 0.65. It was also found that high values of HI were located mainly in the suburb and mining areas. Th erefore, the direct exposure pathway to HMs plays an important role in risk in Changsha City, which should be taken into consideration by researchers and decision makers.
Th e contribution to HI for As, Cd, Hg, Ni, and Zn was 96.20, 0.15, 0.54, 2.66, and 0.45%, respectively . Notably, the largest contribution to HI was from As, which may be related to waste discharge from mining, metallurgy, and chemical plants, poor pollution control, and its low RfD, 0.0003 mg kg −1 . Research has shown that early childhood exposures to As can result in long-term health issues (Vahter, 2008) . Th us, measures must be taken to avoid the potential As contamination in soils to protect human health.
Th e proportion of the HI attributable to diff erent exposure pathways also varied. Th e contribution from dust inhalation exposure was lowest for children (0.5% of the HI). Dermal contact with soil contributed about 12.4% of the HI. Most HI was attributable to soil ingestion exposure (>87% of the HI), which is in accordance with some of previous study results for child (Hough et al., 2004) .
Conclusions
Th e concentrations of heavy metals such as As, Cd, Hg, and Ni observed in some soils exceeded the critical level of Secondary Environmental Quality Standards for Soil in China. Coeffi cients of variation, PCA, and nugget/sill ratios indicated that As, Cd, Hg, and Ni pollution in Changsha may originate from coal usage and industrial activities. Th is work spatially analyzed the probabilistic risk for children associated with direct exposure to As, Cd, Hg, Ni, and Zn in soil in Changsha. A combination of sampling data and SIS was used to determine heavy metal exposure distributions in soil. One thousand equiprobable realizations showed that not all sites within the study area may be suitable for housing or allotments without remediation. Most high HIs are located in the suburb and mining areas. Moreover, arsenic presented a high risk compared with other elements and most HI was attributable to soil ingestion. Th is study indicates that we should attach great importance to the direct soil exposure for children's health. Regardless of the HI maps, more detailed site surveys would always be required when assessing a specifi c site within this area because the sampling data used to construct the HI maps are of fairly low resolution. 
